EMIR technique is now able to measure the polarisation of EM fields, thanks to highly anisotropic photothermal films. The films and the numerical model used to evaluate their electromagnetic behaviour are described. Based on the use of a model, a thermal optimisation of the sensor, taking into account the amplitude modulation frequency, is presented. The technique is applied to the analysis of the EM field, at 12 GHz, in the vicinity of the end of a wave-guide. Validation is achieved through comparison of the experimental results to theory.
Introduction
ONERA is developing and improving the EMIR (ElectroMagnetic InfraRed) method allowing to visualise EM (electromagnetic) fields [1] . This method, mainly used for non destructive evaluation of dielectric or absorbing materials, antenna radiation pattern characterisation and mapping of the electric field around objects or inside cavities, consists in measuring by means of an IR camera the temperature increase of a thin photothermal film, which is proportional to the intensity of the electric field component tangential to the film [2] . In order to avoid the distortion of the temperature field due to the natural convection, and to increase the spatial resolution, the amplitude of the EM field is modulated at a low frequency (some Hz), and a lock-in thermographic system is used [3] .
Due to the physical principle of the photon-heat conversion, only the squared magnitude (intensity) of the electric field is directly measured, but the use of microwave holography and the combination of several intensity images allow to obtain relative phase image [4, 5] , with the restriction that the EM fields have just one component in the plane of the film. Otherwise, a pseudo scalar phase is evaluated.
In order to extend the field of application of EMIR method, the feasibility of measuring the polarisation of the EM fields is studied. This is possible thanks to the development of a new type of photothermal film, highly non-isotropic, which is described in the first part of the paper. A numerical model is used to optimise the electromagnetic behaviour of the films. The thermal optimisation of the film, taking into account the space the amplitude modulation frequency is also presented.
The technique is validated by comparing the experimental results to numerical calculations in the analysis of the EM field, at 12 GHz, in the vicinity of the end of a waveguide.
Electrical optimisation of the anisotropic photothermal film
An anisotropic photothermal film is constituted by a thin dielectric film partially coated with a very thin electrical conducting coating (see Fig. 1 ). The coating is deposited following a pattern of parallel, rectilinear strips. These strips, absorbing partially the incident electromagnetic field, are characterised by their square resistance R , reciprocal of the product of their electrical conductivity by their thickness, and by geometrical parameters: space period Π and fill factor φ, ratio of their width w to the space period. Such a grating is preferentially absorbing the component of the electrical field parallel to the strips. The system works like a polariser, but is used for its absorption and not for its transmission as commonly used. The anisotropy factor, ratio of the energies of the two components (parallel and perpendicular to the strips) is highly depending on these parameters R , φ, and Π. To optimise the grid, we have used a code, based on the work of Boutiché and Petit [6] , developed by the Laboratoire d'Optique Electromagnétique of Marseille. The code allows evaluating the absorption A, reflection R and transmission T of such gratings. Based on more than 30 000 calculations, a data base was constituted and is presented here in Figure 2 under the form of a graph depending on the three parameters : φ, R , λ/Π, λ being the wavelength of the microwave. The graph presents the product of the transmissions for the two components of the field, T H// *T E// versus the ratio of their absorption, A H// /A E// (the anisotropy factor). For a given frequency of the wave and a given space period, one can chose the fill factor and the square resistance to obtain a high anisotropy factor with a good transmission.
For validating these numerical results, experimental data are presented in Figure 3 , corresponding to an anisotropic film of R = 1020 Ω , φ = 0,219 and Π = 800 µm. These five infrared images correspond successively to: i) isotropic film heating, ii) anisotropic film, with consecutively: the field parallel to the strips, perpendicular to strips, the absorptivity and anisotropy factor distributions. For the area delimited by a circle, the mean values of these two last parameters are respectively 0.086 and 19, which compare favourably to the calculated values of 0.086 and 15.
Thermal optimisation of the non isotropic photothermal film
Let us consider the anisotropic photothermal film previously defined, with the parameters R =1020 Ω, w=175 µm, Π=800 µm, and φ=175/800=0.219. Taking into account the radiatoconvective heat losses, the theoretical temperature increase of the film can be calculated, considering the surface heat sources corresponding to the absorbing strips. The power generated in the strip has a density P' 0 = P inc A(φ, R , λ/Π), P inc being the incident power density and A the absorptivity calculated by the electromagnetic code described previously.
The steady-state (no modulation) temperature increase of a uniform isotropic film (φ=1) is T= P 0 /2h = P inc (4*377/R )/(2+377/R ) 2 . The distribution of temperature 1 increase of the anisotropic film, in the x direction perpendicular to the strip, presented in figure 4 , is given by the following formulas:
-in the absorbing strips (-w/2<x<w/2):
-in the non absorbing strips (-Π/2<x<-w/2 and w/2<x<Π/2)
with ω c =2h/ρCe, and q(ω) 2 = (ω c -iω)/κ, where κ and (ρC) are respectively the diffusivity and the volume heat capacity of the film 1 The temperature field is time modulated, then in the presentation of the results, the parameter called temperature will be, for sake of simplicity, the amplitude, or module, of the modulated part of the temperature increase given by fomulas (1) and (2). This field is space modulated too due to the strips. For the same reason, we will call here T + the maximum of the amplitude of the modulated part of the temperature increase (center line of the absorbing strips) and T -its minimum (centerline of the non absorbing strips)
The evaluation has been conducted for six values of the modulation frequency. As shown in Figure 4 the temperature distribution does not reproduce the exact square-shaped distribution of the absorbing strips. This could be achieved for frequencies higher than 100 Hz when the heat diffusion become really negligible at this geometrical scale, but increasing the modulation frequency leads to a loss of the film sensitivity (1/f law). The importance of these effects is shown in Table I , in particular by the ratio (T + /T -) and the space modulation rate 2(T + -T -)/(T + +T -). The frequency of 10 Hz appears to be a good compromise. On this graph, the temperature of the film is also given for the following limit cases: i) no modulation (f=0) and no heat diffusion in the film, leading to a temperature of the absorbing strip higher than that of the isotropic film: T= P' 0 /2h= 0,39 P 0 /2h , with no heating for the non absorbing strips, ii) no modulation and infinite thermal conductivity for the film, leading to a temperature uniform on the whole film and equal to T = 0,39 φ P 0 /2h = 0,086 P 0 /2h. In reality, the film thermal conductivity is finite and the film temperature is slightly modulated in space, with a mean (integrated) temperature intermediate between these two values. Figure 5 presents images, delivered by an Agema 880 LW camera, of an electric field using a photothermal film of characteristics identical to those used for the theoretical evaluations. A parallel plane wave of frequency 12 GHz illuminates the film, whose strips are vertical.
In figure 6 (left), the experimental maximum and minimum temperatures along a line perpendicular to the strip, T + and T -, are compared to the theoretical ones. The experimental values of T + are near the theory and the values of T -are higher. This could be due to the integration effect due to the limited resolution of the cameras. This could explain why the points from the Agema 880 are nearer from theory than those of the 782 camera. Figure 6 (right) presents the same type of comparison for the x-integrated temperature,
T(x,ω) dx. The experimental integrated temperature is higher than the theoretical one. This is due to the lateral heat diffusion in the film, from the absorbing strip to the non absorbing ones.
The experimental calibration curve Tintegr(f) is to be used when the camera space resolution is lower than the space period of the film strips. On the contrary, for high resolution allowing to distinguish the hot absorbing strips from the cold ones, the T + (f) calibration curve must be used in conjunction with the maximum temperature measured in the hot strips.
Application to the analysis of the field in the vicinity of the end of a wave guide
To illustrate the possibilities of the technique, we present here the analysis of the near field in the vicinity of the end of a Ku open guide. For this purpose, a film of higher anisotropy is positioned in the (x,z) plane of symmetry of the guide (see Fig. 7 ). The absorbing strips have the same geometrical characteristics than those of the previous film, but their square resistance is R =181 Ω, leading to an anisotropy factor of 200. They are successively put in vertical and horizontal positions for analysing respectively the E z and E x field components. The IR camera used is an Agema 782 LWB, viewing a field 3 cm x 3 cm thanks to a 12 mmextension ring. The EM field at 12 GHz is amplitude modulated at the frequency of 20 Hz.
The results are presented in Fig. 8 and compared to the numerical results of a finite difference time domain code (ALICE) in Fig. 9 . This figure gives the x-and z-distributions of both E X and E Z components of the near field. The z-distributions correspond to a x-abscissa of 2.5 mm from the guide aperture, and the x-distributions correspond to the centre line of the guide for the E Z component and to the horizontal upper plane of the guide for the E X component. A good agreement between theory and experiment is found, in particular the decrease of the fields with increasing distances from the guide aperture. The code does not take into account the thickness of the guide wall (1 mm). This could explain some discrepancies, in particular the fact that the calculated E X field z-extension is wider than the measured one.
Conclusion
The feasibility of manufacturing well-controlled, highly-anisotropic photothermal films has been demonstrated. The ability of these film to characterise by the EMIR technique the vectorial components of electromagnetic fields is proved by EMIR measurements of the near field in the vicinity of an open guide and comparison to the results of a finite difference code. 
